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Quantum oscillations of the critical current of asymmetric superconducting rings and
systems of the rings
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The quantum oscillations in magnetic field of the critical current of asymmetric superconducting
rings with different widths of the half-rings are shifted to opposite sides for measurement in the
opposite direction. The value of this shift found before equal half of the flux quantum for single
ring with radius 2 µm has smaller value at lower critical current and for system of the rings with
smaller radius.
Introduction
Quantum mechanics was developed for description of
paradoxical phenomena observed on the atomic level
with typical size < 1 nm = 10−9 m. In our every-
day word with typical size > 0.1 mm = 10−4 m quan-
tum phenomena are not observed. One may say that
nanostructures appertain to a region of boundary be-
tween the quantum and classical worlds. For example,
according to the Bohr’ quantization of the angular mo-
mentum of electron rp = rmv = ~n postulated in 1913
the energy difference between permitted states En+1,n =
mv2n+1/2−mv
2
n/2 ≈ ~
2/2mr2 ≈ 5.510−21 J ≈ kB 400 K
at the orbit radius r ≈ 1 nm and En+1,n ≈ kB 0.0004 K
at r ≈ 1 µm = 1000 nm. Therefore atom orbits with
r < 1nm are stable at the room temperature T ≈ 300K
whereas the persistent current, the quantum phenom-
ena connected with the Bohr’ quantization, can be ob-
served in semiconductor [1] and normal metal [2] ring
with r ≈ 1 µm only at very low temperature T < 1 K.
In the rings with radius r ≈ 10 nm made recently [3] this
phenomenon was observed up to T = 4.2 K.
The persistent current is observed because of the in-
fluence of the magnetic vector potential A on the phase
ϕ of the wave function Ψ = |Ψ| exp iϕ the gradient of
which ▽ϕ is proportional to the canonical momentum
~▽ϕ = p = mv+qA of a particle with the massm and the
charge q. The minimum permitted value of the velocity∮
l
dlv = m−1
∮
l
dl(~▽ϕ− qA) = m−1(2pi~n− qΦ) should
be periodical function of the magnetic flux Φ inside the
ring since the Ψ = |Ψ| exp iϕ must be single-valued at
any point of the ring circumference. The period of os-
cillations in magnetic field H0 corresponds to the flux
quantum H0S = Φ0 = 2pi~/q inside the ring with the
area S = pir2.
1. QUANTUM OSCILLATIONS OF THE
PERSISTENT CURRENT
The energy difference between permitted states of any
real superconductor ring ∆En+1,n >> kBT since su-
perconducting condensate moves as whole and supercon-
ducting pairs can not change the integer quantum num-
FIG. 1: Magnetic field dependencies of the critical current of
a single asymmetric ring with radius r ≈ 2 µm and widths of
the half-rings ww = 0.3 µm and wn = 0.2 µm measured in
the positive Ic+ (solid lines) and negative Ic− (black squares)
directions at T = 0.986Tc (Ic(T ) = 4.3 µA); T = 0.990Tc
(Ic(T ) = 2.5 µA) and T = 0.996Tc (Ic(T ) = 0.6 µA).
Tc = 1.294 K. The Ic+(Φ/Φ0) dependence for T = 0.996Tc
is vertically shifted on −0.1 µA. The period of oscillations in
magnetic field H0 = Φ0/S = 1.44 Oe corresponds to the rings
area S = pir2 = 14.4µm2 and the radius r ≈ 2.1 µm.
ber n individually [4]. Therefore the persistent current
Ip = sjp = sqnsv is observed even above superconduct-
ing transition [5]. The n− Φ/Φ0 value in the relation
Ip = Ip,A2(n−
Φ
Φ0
) (1)
for the permitted value of the persistent current cor-
responding to minimum energy En ∝ (n − Φ/Φ0)
2
changes between -1/2 and 1/2 with the Φ variation from
(n + 0.5)Φ0 to (n + 1 + 0.5)Φ0 and jumps from 1/2 to
-1/2 at (n + 0.5)Φ0 [6]. The state with minimum en-
ergy gives predominant contribution to the thermody-
namic average value Ip. This value equals zero Ip = 0
not only at Φ = nΦ0 but also at Φ = (n+ 0.5)Φ0 where
the persistent current Ip have equal magnitude and op-
posite direction in the two states n − Φ/Φ0 = ±1/2. In
agreement with (1) the magnetization M ∝ Ip [5] and
2FIG. 2: Magnetic field dependencies of the critical current
of an system of 110 asymmetric ring with radius r ≈ 1 µm
and widths of the half-rings ww = 0.4 µm and wn = 0.2 µm
measured in the positive Ic+ (solid lines) and negative Ic−
(black squares) directions at T = 0.968Tc (Ic(T ) = 4.1 µA);
T = 0.975Tc (Ic(T ) = 2.8 µA); T = 0.981Tc (Ic(T ) = 1.6 µA)
and T = 0.989Tc (Ic(T ) = 0.7 µA). Tc = 1.345 K. The
Ic−(Φ/Φ0) dependence for T = 0.996Tc is vertically shifted
on −0.1 µA. The period of oscillations in magnetic field H0 =
Φ0/S ≈ 5.2 Oe corresponds to the rings area S ≈ 4µm
2 and
the radius r ≈ 1.1 µm.
the rectified voltage Vdc ∝ Ip [7,8] equal zero at Φ = nΦ0
and Φ = (n + 0.5)Φ0. The Little-Parks oscillations of
the resistance ∆R ∝ I2p ∝ (n− Φ/Φ0)
2 have minimum
at Φ = nΦ0 and maximum at Φ = (n+ 0.5)Φ0 [9].
2. SHIFT OF THE CRITICAL CURRENT
OSCILLATIONS MEASURED ON ASYMMETRIC
RINGS
The magnetic dependencies of the critical current Ic =
Ic0 − 2|Ip| measured on symmetric ring [10] agree also
with the persistent current oscillations (1) predicted with
the universally recognized quantum formalism. The max-
imums of Ic(Φ/Φ0) are observed at Φ = nΦ0 and min-
imums at Φ = (n + 0.5)Φ0 [10]. But we have dis-
covered that the Ic+(Φ/Φ0) and Ic−(Φ/Φ0) oscillations
of the critical current measured on asymmetric rings
with different widths of the half-rings are shifted to op-
posite sides for measurement in the opposite direction
[10]. This shift results to the anisotropy of the crit-
ical current Ic,an(Φ/Φ0) = Ic+(Φ/Φ0) − Ic−(Φ/Φ0) =
Ic(Φ/Φ0 +∆φ/2)− Ic(Φ/Φ0−∆φ/2) 6= 0 explaining the
rectification effect [8] observed on asymmetric supercon-
ducting rings [7]. But the observation of the Ic+(Φ/Φ0),
Ic−(Φ/Φ0) maximums at Φ = (n ± ∆φ/2)Φ0 and their
minimums at Φ = (n+0.5±∆φ/2)Φ0 is in an irreconcil-
able contradiction with the prediction (1) of the univer-
sally recognized quantum formalism. Because of possible
FIG. 3: Magnetic field dependencies of the critical current of
an system of 667 asymmetric ring with radius r ≈ 0.5 µm
and widths of the half-rings ww = 0.2 µm and wn = 0.15 µm
measured in the positive Ic+ (solid lines) and negative Ic−
(black squares) directions at T = 0.955Tc (Ic(T ) = 4.3 µA)
and T = 0.960Tc (Ic(T ) = 2.5 µA). Tc = 1.327 K. The
period of oscillations in magnetic field H0 = Φ0/S = 22.6 Oe
corresponds to the rings area S ≈ 0.92µm2 and the radius
r ≈ 0.54 µm.
fundamental importance of this contradiction we have
measured the shift observed on ring with different radius
and on system with different number of rings.
Our previous measurements [10] of single ring with
radius r ≈ 2 µm and widths of the half-rings ww =
0.25 µm, wn = 0.2 µm; ww = 0.3 µm, wn = 0.2 µm;
ww = 0.35 µm, wn = 0.2 µm; ww = 0.4 µm, wn = 0.2 µm
have shown that the value of the shift ∆φ ≈ 0.5 in-
dependently of the value of the ring anisotropy ww/wn
in the interval 1,25 - 2 and of the critical current value
Ic(T ). More careful measurements have confirmed this
result for the critical current Ic(T ) > 10 µA. But at the
higher temperature, where the Ic(T ) is lower, we have
found a weak decrease of the shift value: ∆φ ≈ 0.4 at
Ic(T ) ≈ 8 µA; ∆φ ≈ 0.35 at Ic(T ) ≈ 4.3 µA; ∆φ ≈ 0.3
at Ic(T ) ≈ 2.5 µA; ∆φ ≈ 0.25 at Ic(T ) ≈ 0.6 µA, Fig.1.
A more visible decrease of the shift is observed at mea-
surement of system of 110 rings with radius r ≈ 1 µm:
∆φ ≈ 0.3 at Ic(T ) ≈ 4.1 µA; ∆φ ≈ 0.16 at Ic(T ) ≈
2.8 µA; ∆φ ≈ 0.1 at Ic(T ) ≈ 1.6 µA; ∆φ ≈ 0.08 at
Ic(T ) ≈ 0.7 µA, Fig.2. Only insignificant discrepancy is
observed between the magnetic dependencies Ic+(Φ/Φ0),
Ic−(Φ/Φ0) of the critical current measured in opposite
directions on system of 667 asymmetric ring with radius
r ≈ 0.5 µm, Fig.3
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